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When it comes to building short-wavelength optical systems to 

control light at the nano-scale, metrology is the foundation, and ac-

FXUDF\�LV�WKH�EHGURFN��$Q�LQHVFDSDEOH�WUXWK�LQ�RXU�¿HOG�LV�WKDW�WKH�PRVW�
KLJKO\�VSHFL¿HG�RSWLFDO�HOHPHQWV�DUH�ZLOGO\�DEHUUDWHG�ZKHQ�MXVW�VOLJKWO\�
PLVDOLJQHG��ZKHWKHU� WKDW�PLVDOLJQPHQW� FRPHV� IURP� VXUIDFH�¿JXUH� RU�
mirror-placement errors, imperfect bending, thermal drift, vibration, or 

other various anomalies.

It could be argued that recent advances in source brightness at up-

graded synchrotrons and free-electron lasers have far outpaced im-

provements in the quality of X-ray optics and the beamlines that house 

them. A tour of the existing beamlines at many synchrotron facilities 

would reveal as much. Yet the demand for diffraction-limited perfor-

mance, nano-focusing, and coherent wavefront control has led to a 

JURZLQJ�QXPEHU�RI�SURMHFWV�WKDW�DLP�WR�FRXQWHU�WKDW�LPEDODQFH��,QYHVW-
ment in the performance of beamlines—with high-quality optics, stra-

tegic feedback, and improved engineering—has a high potential return 

relative to its cost, and to the cost of source updates. Honing the quality 

and reliability of beamline optics through improvements in metrology 

and feedback requires an integrated strategy at the convergence of sev-

eral techniques. It comes with the promise of unlocking greater perfor-

mance from imperfect mirrors.

Current research efforts in metrology at Lawrence Berkeley Na-

tional Laboratory’s (LBNL) Advanced Light Source (ALS) span a 

diverse range of applications, wavelengths, and target outcomes. We 

believe that integrating multiple techniques has enabled greater im-

provements than isolated measurements and applications could have 

produced individually. Advances in ex-situ visible-light optical me-

trology have led to a deeper understanding of the mirror-mounting 

and environmental requirements for bendable optics and to engineer-

ing improvements based on empirical tests. At-wavelength testing, 

using both coherent and incoherent techniques, has demonstrated 

rapid alignment feedback and sensitivity at diffraction-limited qual-

LW\��5HÀHFWRPHWU\�FRQWLQXHV� LWV� IXQFWLRQ�DV�D�FRUQHUVWRQH� WHFKQLTXH�
for investigations of coatings, surface quality, and materials proper-

ties. Nanofabrication plays a key role in the creation of calibrated 

elements for diffractive optics, interferometry, and as reference struc-

tures for quantifying the resolution of imaging techniques.

On tilts, slopes and curvatures
The center of gravity of ex-situ (in-lab) metrology at the ALS is 

shifting. The X-ray Optics Laboratory (XROL), a unique lab that serves 

the needs of several West Coast DOE research organizations, is cur-

rently moving to new facilities that promise improved conditions for 

measurement error minimization. The XROL serves several DOE labs 
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Figure 1: (a) The upgraded LTP-II [1] with a focusing mirror placed for 
best tuning to the desired longitudinal ellipse. A vertically adjustable gan-
try system of the LTP-II allows the instrument to accommodate mirror 
assemblies of different sizes. (b) The ALS DLTP [2] set up for optimal 
shaping of a bendable X-ray mirror designed for readjustment for two fo-
cal distances. The DLTP was recently modified for optimal measurement 
performance with side-facing optics.

(a)

(b)

D
ow

nl
oa

de
d 

by
 [U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

, B
er

ke
le

y]
, [

D
r K

en
ne

th
 G

ol
db

er
g]

 a
t 0

8:
37

 2
6 

Se
pt

em
be

r 2
01

3 



TECHNICAL REPORTS

SYNCHROTRON RADIATION NEWS, Vol. 26, No. 5, 2013 5

that lack dedicated on-site optical metrology capabilities, including the 

Linac Coherent Light Source (LCLS) at SLAC and the LBNL’s Center 

for X-ray Optics (CXRO).

7KH�PDMRU�UROH�RI�;52/�LV�WR�SURDFWLYHO\�VXSSRUW�WKH�GHYHORSPHQW�
and optimal beamline use of X-ray optics. On the beamline, combina-

tions of imperfections interfere to degrade performance. Ex-situ me-

trology can characterize, analyze and, where possible, correct imper-

fections using laboratory tools and methods independent of valuable 

beamtime. 

)RU�H[DPSOH��WKH�ORQJ�WUDFH�SUR¿OHUV�DYDLODEOH�DW�WKH�$/6�;52/��
the upgraded classical LTP-II [1] and the autocollimator-based Devel-

opmental LTP (DLTP) [2] (Figures 1a and 1b, respectively), provide a 

FRQYHQLHQW�ZD\� WR�VHW�PLUURU�DGMXVWPHQWV�EHIRUH�PLUURUV�DUH�SXW� LQ�D�
EHDPOLQH��7KHVH�VORSH�SUR¿OHUV�DUH�XVHG�WR�DVVHVV�PHFKDQLFDO�PRXQW-
ing, bending, vibration, and cooling on the overall performance of opti-

cal elements. For characterization and tuning of mirror benders, origi-

nal experimental procedures have been developed [3–5] that allow us 

WR�GUDPDWLFDOO\� LQFUHDVH� WKH�SUHFLVLRQ�DQG�HI¿FLHQF\�RI�VXUIDFH�VORSH�
metrology with bendable optics. 

The accuracy of surface slope measurements demonstrated with 

WKH�$/6� VORSH� SUR¿OHUV� LV� EHORZ����QUDG� �UPV��ZKHQ�PHDVXULQJ�ÀDW�
DQG� FORVH� WR�ÀDW� RSWLFV� �)LJXUH�����)RU� VLJQL¿FDQWO\� FXUYHG�RSWLFV�� LW�
LV�DSSUR[LPDWHO\�����QUDG��UPV���7KH�DFFXUDF\� LV�FRPSDUDEOH� WR� WKDW�
of the world’s best instruments at synchrotron metrology labs, such as 

WKH�+=%�%(66<�120�>�±�@�DQG�63ULQJ���/73�>�@��7KLV�LV�LQ�VSLWH�RI�
WKH�IDFW�WKDW��LQ�WKH�FXUUHQW�ORFDWLRQ��WKH�$/6�;52/�VORSH�SUR¿OHUV�DUH�
compromised by poor environmental conditions that lead to 2–3 times 

Figure 2: Cross comparison of the LTP and DLTP measurements with a 
flat mirror substrate. The cross comparison of measurements with princi-
pally different slope profilers, LTP-II and DLTP, enables a reliable estima-
tion of the instrumental performance. 
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KLJKHU�OHYHO�RI�UDQGRP�HUURUV�DQG�DERXW����WLPHV�ODUJHU�WHPSRUDO�ÀXF-
tuations due to instrumental drifts. The state-of-the-art accuracy at the 

ALS XROL comes at the expense of extended data acquisition times, 

including original methods for the suppression of systematic and drift 

HUURUV�>��±��@�
6LPLODU�WR�RWKHU�VORSH�SUR¿OHUV��WKH�FXUUHQW�SHUIRUPDQFH�RI�WKH�/73�

II and the DLTP is limited by systematic errors that are increased when 

WKH�HQWLUH�DQJXODU�UDQJH�LV�XVHG��ZKLFK�RFFXUV�ZLWK�VLJQL¿FDQWO\�FXUYHG�
;�UD\�RSWLFV��7KH�SUR¿OHU¶V� V\VWHPDWLF� HUURUV�ZLOO� EH� UHGXFHG�ZLWK� D�
sophisticated calibration method suggested at the OML and based on a 

Universal Test Mirror (UTM) [12]. Work to develop a UTM system is 

LQ�SURJUHVV�DV�D�FROODERUDWLYH�SURMHFW�RI�WKH�$/6��+=%�%(66<�,,��DQG�
PTB (Germany) metrology teams. 

Interferometric testing is one of the most commonly used techniques 

in optical metrology due to its high resolution and sensitivity. Large 

¿HOG�RI�YLHZ�)L]HDX�LQWHUIHURPHWHUV�DUH�JHQHUDO�PHWURORJ\�WRROV�IRU��'�
surface shape characterization in the height domain. In the ALS XROL, 

ZH�KDYH�D�UDWKHU�ROG���LQ�=<*2��*3,�LQWHUIHURPHWHU�WKDW�LV�H[WUHPHO\�
useful for controlling optical assembly processes and for setting precise 

mutual alignment of optical components (Figure 3). 

At the ALS XROL, we have two interferometric optical micro-

VFRSHV�� WKH�0LFUR0DS������DQG� WKH�=<*2��1HZ9LHZ�������7KH�
interferometric microscopes are our basic metrology tools for high-ac-

FXUDF\�WHVWLQJ�RI�WKH�VXUIDFH�¿QLVK�RI�;�UD\�RSWLFV�ZLWK�VXE�$QJVWURP�
rms roughness measured over the mid-spatial wavelength region from 

about 1 µm to 5 mm. The standard list of output parameters of a mi-

croscope measurement includes values of roughness (residual slope) 

averaged over an area, or along a sample line. These values are limited 

by the bandwidth of the measuring instrument, rather than by the band-

width required by the particular application. These parameters gener- DOO\�GR�QRW�SURYLGH�D�VXI¿FLHQW�GHVFULSWLRQ�RI�WKH�VXUIDFH�WKDW�FDQ�WKHQ�
EH�XVHG�IRU�ORFDO�¿QLVK�SROLVKLQJ�RU�IRU�HYDOXDWLRQ�RI�WKH�SHUIRUPDQFH�
of the optic in modern X-ray beamline applications where diffraction-

limited focusing and coherence preservation are desired. 

In some cases (for example, X-ray scattering calculations, ex-situ 

metrology of X-ray diffraction gratings [14]), rigorous information 

about the expected performance of the optic can be obtained from a sta-

tistical description of the surface topography. The description is based 

on power spectral density (PSD) distributions of the surface height (or 

slope). Spectral analysis of the surface measurements is also used to 

parameterize, specify, and model the surface topography of optical 

components [15], as well as fabrication technologies, including optical 

polishing, lithography, surface coating, and multilayer deposition.

In order to account for the distortion effect of the instrumental mod-

ulation transfer function (MTF) on the PSD measurements, we have 

developed an MTF calibration method suitable for characterization of 

D�EURDG�FODVV�RI�VXUIDFH�SUR¿ORPHWHUV�>��±��@��7KH�PHWKRG�LV�EDVHG�RQ�
the use of binary pseudo-random (BPR) one-dimensional (2D) gratings 

and two-dimensional (2D) arrays as standard MTF test surfaces. Over 

D�VSHFL¿F�EDQG�RI�IUHTXHQFLHV��WKH�%35�GLVWULEXWLRQ�RI�WZR�QRUPDOL]HG�
physical levels/quantities (heights, materials, etc.) contains all frequen-

cies in an equal amount. Unlike most conventional test surfaces, the in-

Figure 3: An example of the 6-in ZYGO� GPI interferometer available at 
the ALS XROL used for the mutually orthogonal alignment of two small, 
bendable mirrors [13] for use in Kirkpatrick-Baez (KB) configuration. The 
vertically deflecting mirror (background) and the horizontally deflecting 
mirror (foreground) are mounted on a support rail identical to the beam-
line arrangement. The respective interference fringes are displayed on the 
interferometer’s monitor. The reflection from the upward-facing surface is 
viewed through a high-quality pentaprism.

Figure 4: Examples of BPR test samples: (a) A scanning electron micros-
copy (SEM) image of a portion of a 2D array used for MTF calibration 
of interferometric microscopes [17]; (b) SEM image of the BPR multilayer 
test sample prepared using the FIB/SEM process and used for MTF cali-
bration of electron scanning and transmission microscopes [18, 19] and, 
recently, for an X-ray microscope at the ALS.
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herent PSD of the BPR gratings and arrays has a white-noise-like char-

acter. Two examples of the calibration samples are depicted in Figure 4. 

While appearing random, the array is constructed according to a 

strict mathematical formulation, and is explicitly determined. This al-

lows the direct determination of the 1D and 2D MTFs, respectively, 

with a sensitivity uniform over the entire spatial frequency range of 

D�SUR¿OHU��&RUUHVSRQGLQJ�WHVW�REMHFWV�EDVHG�RQ�ELQDU\�SVHXGR�UDQGRP�
GLVWULEXWLRQV�VDWLVI\�WKH�UHTXLUHPHQWV�RI�D�FHUWL¿HG�VWDQGDUG��IXQFWLRQ-

DOLW\��HDVH�RI�VSHFL¿FDWLRQ��UHSURGXFLELOLW\��DQG�VWDELOLW\�ZLWK�UHVSHFW�WR�
IDEULFDWLRQ�LPSHUIHFWLRQV�>��@��

7KH� VFDQQLQJ�SUREH� �DWRPLF��PLFURVFRSH� �630��'LPHQVLRQ������
is the main instrumental modality at the ALS XROL for imaging at the 

QDQRVFDOH�DW�KLJK�VSDWLDO�IUHTXHQFLHV����±��� mm–1, corresponding to 

D�ZDYHOHQJWK�UDQJH�RI�a�����P�WR�a���QP��+LJK�SHUIRUPDQFH�RI�WKH�
LQVWUXPHQW�LV�FKDUDFWHUL]HG�E\�LWV�VHQVLWLYLW\�RI�DERXW�����QP�WR�VXUIDFH�
KHLJKW�YDULDWLRQ��7KH�LQVWUXPHQW�LV�XVHG�LQWHQVLYHO\�IRU�D�SURMHFW�RQ�WKH�
development of super-high-density X-ray diffraction gratings [21–24].

The ALS XROL is also equipped with a broad spectrum of optical 

instruments, such as a differential laser Doppler vibrometer and dis-

tance measuring interferometers, which are useful for the testing and 

characterization of opto-mechanical assemblies and components. 

Concluding the description of capabilities for ex-situ metrology at 

the ALS, we should note that construction of a new optics lab, with 

comprehensive control of environmental conditions and clean-room 

�������DUUDQJHPHQWV��LV�VFKHGXOHG�WR�EH�FRPSOHWHG�LQ�ODWH�VXPPHU�RI�
������$IWHU� WKH�PRYH�WR� WKH�QHZ�ODE�LV�FRPSOHWH��DQG�VXFFHVVLYH�XS-

JUDGHV�RI�WKH�PHWURORJ\�WRROV�DUH�FDUULHG�RXW��ZH�H[SHFW�VLJQL¿FDQW�LP-

provement of all aspects of ex-situ metrology at the ALS.

Wavefront control and feedback:  
Mirrors getting in shape

Wavefront control and nano-focusing now drive progress in short-

wavelength optical tools for science. For any such system, feedback is 

key. Like many aspheric focusing elements, KB mirrors tasked to per-

IRUP�DW�RU�QHDU�WKHLU�UHVROXWLRQ�OLPLW�KDYH�VPDOO�¿HOGV�RI�YLHZ�DQG�DUH�
remarkably intolerant to misalignment, including simple displacements 

WKDW�VKLIW�WKH�FRQMXJDWH�SRVLWLRQV��)ROORZLQJ�H[�VLWX��YLVLEOH�OLJKW�VKDSH�
RSWLPL]DWLRQ��¿QDO�DOLJQPHQW�RQ�WKH�EHDPOLQH�SURYLGHV�DQ�RSSRUWXQLW\�
WR�UH¿QH�DOO�RI� WKH�GHJUHHV�RI�IUHHGRP�DQG�PHDVXUH� WKH�H[SHULPHQWDO�
sensitivities, provided that the available feedback is up to the task.

2QH�SURMHFW�DW�WKH�$/6�FUHDWHG�D�VRIW�;�UD\�IRFXVLQJ�PLUURU�WHVW�EHG�
where different alignment and wavefront-sensing approaches could be 

GHYHORSHG�DQG�FRPSDUHG�VLGH�E\�VLGH� >��±��@� �)LJXUH�����7KLV�ZRUN�
WUDFHV�LWV�RULJLQV�WR�LQWHUIHURPHWU\�FRQGXFWHG�RQ�(89�RSWLFDO�HOHPHQWV�
designed as research prototypes for photolithography at 13.5-nm wave-

OHQJWK�� 7KRVH� WHVWV� SXVKHG� QXPHULFDO� DSHUWXUH� YDOXHV� XS� WR� ����1$��

;)(/�%HDP�0RQLWRUV�
 

RF cavity beam position 
monitor 
Current monitor 
Beam profile monitor 
High resolution  

  measurements 
Accurate beam position 
Flexible and adaptable  

  design 

Soft and Hard X-ray 
Monochromators 
Mirror and KB Systems 
Beam Monitors 
Front End Components 
End Stations 
Complete Beamlines 
XFEL Monochromator 
and Mirror Systems 
XFEL Beam Monitors�
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ZKHUH�WKH�GLI¿FXOW\�LQFUHDVHV�VXEVWDQWLDOO\�GXH�WR�JHRPHWULF�V\VWHPDWLF�
errors.

The goal was to reach diffraction-limited focusing, with mirror-slope 

VHQVLQJ�DQG�FRQWURO�ZLWK�IHHGEDFN��EHORZ�����QUDG��,QWHJUDWLRQ�ZLWK�YLV-
ible-light mirror-shape optimization provided a solid head start for work 

performed on the beamline, and important feedback for test sensitivities.

7KH�SURMHFW� IRFXVHG�RQ� D� SDLU� RI� ����PP�ORQJ�.%�PLUURUV� VFDY-

HQJHG�IURP�RWKHU�SURMHFWV�DQG�UHSXUSRVHG�IRU�WKLV���'�IRFXVLQJ�DSSOL-
FDWLRQ��5HODWLYHO\� VKRUW� IRFDO� OHQJWKV� �����DQG�����PP��DQG�PRGHVW�
PDJQL¿FDWLRQ�UDWLRV�RI����DQG����UHVSHFWLYHO\��DOORZHG�WKH�FRPSRQHQWV�
WR�¿W�ZLWKLQ�D�GHGLFDWHG����P�ORQJ��YLEUDWLRQ�LVRODWHG�WHVW�FKDPEHU�

A single optical rail connected to an internal breadboard provided a 

shared, stable platform for several critical components. The breadboard 

was coupled through bellows in the chamber walls to an optical bench 

WKDW�VSDQQHG�WKH�OHQJWK�RI�WKH�FKDPEHU��$W�WKH�XSVWUHDP�FRQMXJDWH�SRVL-
tion, an xy stage with an array of slits and pinholes (used one at a time) 

SURYLGHG� D� VSDWLDOO\�¿OWHUHG�� VWDEOH�� FRKHUHQW� LOOXPLQDWLQJ�EHDP��7KH�
DUUD\�HQDEOHG�LQ�VLWX�VHOHFWLRQ�RI�WKH�REMHFW�ZLWK�WKH�RSWLPDO�VL]H���6H-
OHFWLRQ�LQYROYHG�D�WUDGH�RII�EHWZHHQ�GLIIUDFWLRQ�DQJOH�DQG�ÀX[���7ZR�LQ-

GHSHQGHQW�PRXQWV�ZLWK�¿YH�GHJUHHV�RI�EHQGLQJ��WLOWLQJ��DQG�WUDQVODWLRQ�
freedom supported the two KB test mirrors. Earlier work demonstrated 

the importance of temperature stability for bent mirror mounts [13], 

so Peltier coolers were attached to the in-vacuum mounts to maintain 

FRQVWDQW� WHPSHUDWXUH��)LJXUH�����,Q�WKH�IRFDO�SODQH��DQ�DUUD\�RI�EHDP�
sensing and probing tools was mounted to an xyz stage, in such a man-

ner than they could be inserted and removed completely from the beam 

to perform various tests. Finally, an X-ray CCD camera was mounted 

1.5 m downstream of focus, positioned to catch the entire output beam.

This great attention to thermal and vibration stability was born of 

GLI¿FXOW�H[SHULHQFHV�RQ�XQVWDEOH�EHDPOLQHV�HOVHZKHUH��:H�VXVSHFW�WKDW�
WKH�¿QH�IRFXVLQJ�DELOLW\�RI�PDQ\�EHDPOLQHV�LV�XOWLPDWHO\�OLPLWHG�E\�YL-
bration and drift of components upstream of the sample plane.

,Q�WKLV�FRQ¿JXUDWLRQ��ZH�ZHUH�DEOH�WR�SHUIRUP�D�YDULHW\�RI�WHVWV��LQ�
increasing order of sensitivity, for learning and cross-comparison. This 

experience revealed the relative merits of each technique. The sequence 

RI�PHDVXUHPHQWV�LV�EULHÀ\�GHVFULEHG�KHUH�

1.  First alignment. 8VLQJ�D�ORZ�PDJQL¿FDWLRQ�LQ�YDFXXP�YLVLEOH�
light microscope with a YAG scintillator crystal, the beam size 

and position could be measured near the focal plane. The micro-

scope could be positioned downstream of focus during the initial 

set-up of the mirrors in vacuum to guarantee that the beam falls 

on the centers of the two mirrors.

2.  Star test. Simply observing the appearance of the beam on the 

YAG microscope can reveal qualitative information about vari-

ous dependencies and large aberrations, such as astigmatism (ob-

served by moving through focus) and coma tails. It may often 

be the case that the resolution of the YAG-microscope system 

is limited to several times larger than the diffraction-limited KB 

focus at-wavelength. In such situations, more sensitive tests are 

required.

3.  Star test and scanning-slit test. With the YAG-microscope near 

the focal plane, we measured the beam position while sequen-

tially scanning a narrow pair of xy slits through the beam in a po-

VLWLRQ�FORVH�WR�WKH�XSVWUHDP�VLGH�RI�WKH�¿UVW�PLUURU��0RWLRQ�RI�WKH�
apparent beam spot on the YAG reveals slope errors in each iso-

lated part of the mirror. (The beam would stand still if all parts of 

the mirror were focused to the same position.) These tests were 

SHUIRUPHG�¿UVW�RQ�WKH�XSVWUHDP�PLUURU�DORQH��DQG�WKHQ�ZLWK�WKH�
second mirror in position, in order to separate any correlated ef-

fects. This technique is effective for getting the two mirror foci to 

coincide on the same focal plane. Also, the (anticipated) highly 

Figure 5: Experimental set-up at the ALS beamline 5.3.1 for testing of 
at-wavelength metrology for optimal in-situ alignment and tuning of bend-
able KB mirrors. Diffraction-limited focusing of soft X-rays (~1 keV) has 
been achieved [26].

Figure 6: An orthogonal pair of temperature-controlled, in-vacuum KB 
mirror mounts for ~100-mm-long mirror substrates. The mounts, which 
share an optical rail, have five degrees of freedom (upstream and down-
stream bending plus height, tilt, and roll), and a Peltier cooler that attaches 
to a heat sink.
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degenerate coupling of the mirror tilt angle and bending was ob-

served. At low angles of incidence, changes to the glancing angle 

(from mirror tilting) steer the beam laterally, and change the fo-

cal distance dramatically. The axis of the tilting mechanism is 

centered on the center of the mirror surface to avoid motion of 

the beam footprint and undesirable beam displacements.

4.  A scanning Hartmann test. A dense array of patterns for opti-

cal metrology (described later) was nanofabricated onto a gold 

absorber layer on a 2 =���PP�VLOLFRQ�QLWULGH�ZLQGRZ��)LJXUH�����
The supporting silicon wafer chip was mounted to a xyz stage 

near the KB focus, held perpendicular to the beam’s central ray. 

The pattern contains a second pair of x and y�VOLWV�ZLWK�����P�
openings. The beam is scanned in a plane downstream of focus 

DQG�WKH�SURMHFWHG�VSRW�LV�REVHUYHG�RQ�WKH�IDU�DZD\�&&'�FDPHUD��
LQ�D�FRQ¿JXUDWLRQ�DQDORJRXV� WR�D�+DUWPDQQ�WHVW� >������@ made 

with sequential steps.

5.  Knife-edge test. In what is commonly called the Foucault test 

>��@�� WKH� DUUD\¶V� x and y knife edges are scanned through the 

beam near focus. Either the CCD or a photodiode can be used to 

measure the transmitted light intensity past the knife-edge. The 

signal measured as the edge scans across the focus is the one-

VLGHG�LQWHJUDO�RI�WKH�EHDP�SUR¿OH�XS�WR�WKH�NQLIH�SRVLWLRQ��DQG�LWV�
derivative reveals the beam shape and width. Compared to other 

PHWKRGV�� WKLV�NQLIH�HGJH� WHVW� LV�VWUDLJKWIRUZDUG�DQG�GLI¿FXOW� WR�
misinterpret, and it senses the beam in focus where our inter-

est lies. The downside is that, without some degree of automa-

tion and rapid collection, the test can be time-consuming, and 

it requires a search through multiple z�SODQHV�WR�¿QG�EHVW�IRFXV��
Furthermore, since each measurement point is collected indepen-

dently, the test is vulnerable to any kind of vibration, instability, 

intensity variation, or knife position errors. 
��� �Shearing interferometry. Perhaps the most versatile test inves-

WLJDWHG� LQ� WKLV� SURMHFW� LV� JUDWLQJ�EDVHG� VKHDULQJ� LQWHUIHURPHWU\�
>��@��6KHDULQJ�HQDEOHV� WKH� VLPXOWDQHRXV�PHDVXUHPHQW�RI� WKH x 

and y gradients of the wavefront. More accurately, shearing pro-

vides a result closely related to the discrete derivative. Here, a 

VLQJOH��'�RU��'�JUDWLQJ� LV�SODFHG� LQ� WKH�GLYHUJLQJ�EHDP� MXVW�
GRZQVWUHDP�RI�IRFXV��DQG�WKH�JUDWLQJ�SDWWHUQ�LV�SURMHFWHG�RQWR�
the CCD camera. Choosing a relatively coarse grating creates 

a small diffraction angle relative to the beam cone, providing a 

KLJK�GHJUHH�RI�EHDP�RYHUODS��DERYH������LQ�WKH�GHWHFWRU�SODQH��
The overlap may be viewed as the interference of multiple dis-

placed copies of the test wavefront.

For high-contrast fringes, the longitudinal (z) position of the grat-

ing is important, due to the Talbot effect for diverging beams. With the 

detector far from focus, the grating positions for highest contrast are 

approximately given by zn = nd2�Ȝ��7KH�¿UVW�RUGHU� �n = 1) positions 

IRU�ZDYHOHQJWK�Ȝ� ���QP�DQG�JUDWLQJ�SLWFK�d� �^������DQG����P`�DUH�
^��������DQG����PP`�IURP�IRFXV��,Q�SUDFWLFH�WKH�z position tolerance is 

JUHDWHU�WKDQ���PP�LQ�WKLV�FRQ¿JXUDWLRQ��,Q�OLQH�ZLWK�WKH�H[SHFWDWLRQV�
of Talbot self-focusing, the intensity fringes observed in these shearing 

interferograms are sharp and square, like the grating used to produce 

WKHP��)LJXUH���VKRZV�D�VHULHV�RI��'�VKHDULQJ�LQWHUIHURJUDP�GHWDLOV�FUH-
ated by moving the 5-µm-pitch grating away from focus in 1 mm steps. 

Shearing interferograms recorded during mirror alignment are 

VKRZQ�LQ�)LJXUH����7KH�UHFWDQJXODU�SXSLO�UHVXOWV�IURP�GLIIHUHQW�QXPHUL-
FDO� DSHUWXUH� YDOXHV� LQ� WKH� WZR� GLUHFWLRQV� ����� DQG� ����PUDG�� UHVSHF-
tively). Dust and imperfections on the mirror surfaces cause the dim 

patches in the interferograms.

Figure 7: Nanofabricated optical elements, including knife-edges, slits, and 
gratings, are patterned in a compact design on a 2 =�2 mm silicon-nitride 
window in a small silicon chip. The patterns are etched in a 1-µm-thick 
gold layer, and the chip is mounted to an xyz stage positioned near the 
focal plane.

Figure 8: (A) Measured and (B) predicted 1D shearing interferogram details recorded as the 5-µm-pitch grating moves away from focus in 1 mm steps. 
With 1-nm wavelength, the peak contrast Talbot plane is anticipated to be close to 25-mm. Comparison with theory reveals a wavelength miscalibration 
of a few percent.
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In practice, shearing requires several mathematical steps to analyze 

and recover the incident wavefront, but the results can also be easily 

interpreted by eye. When one of the KB mirrors was not orthogonal to 

the other, we observed tilted, non-perpendicular fringes. Furthermore, 

changes in the fringe pitch across the pupil show clear evidence of 

coma and higher aberrations. A difference in pitch between the overlap-

ping x and y patterns is evidence of astigmatism.

$�VLJQL¿FDQW�DGYDQWDJH�RI� VKHDULQJ�� VLPLODU� WR� WKH�+DUWPDQQ� WHVW��
is that a single recorded interferogram can reveal the instantaneous 

state of the system—no scanning is required—and the analysis can be 

performed in under a second. To improve the signal-to-noise ratio and 

the spatial frequency response, a short phase-shifting series can be re-

corded by moving the grating in a series of lateral steps and adding an 

additional step to the analysis.

The speed of the shearing measurements enable feedback and align-

ment to proceed on short timescales. We used shearing to determine 

the wavefront sensitivity to each degree of freedom (benders, tilt, and 

position actuators.) Once the error dependencies are known, various 

techniques, including the method of characteristic functions (see, e.g., 

[3, 4] and references therein) and singular-value decomposition, can be 

used to optimize the system alignment.

*HQHUDOO\� VSHDNLQJ�� LQ� H[SHULPHQWV� ZKHUH� WKH� EHDP� LV� SURMHFWHG�
onto a camera behind the sample plane (such as coherent diffraction im-

aging) or where there is room for a camera behind a sample, a shearing 

system could be incorporated to provide feedback for adaptive control 

RU�PDQXDO�DGMXVWPHQW�

For loop-closing comparisons with optical metrology, it is impor-

WDQW�QRW�WR�QHJOHFW�WKH�QRQOLQHDU�FRRUGLQDWH�WUDQVIRUPDWLRQ�WKDW�SURMHFWV�
positions in the measured wavefront slope back onto the curved sur-

faces of the test mirrors. That transformation must be evaluated for each 

XQLTXH� FRQ¿JXUDWLRQ�� )XUWKHUPRUH�� YDU\LQJ� GLVWDQFHV� EHWZHHQ�SRLQWV�
on the mirror surface and the focal plane lead to a position-dependent 

variation in the sensitivity to local slope errors. The farther the mirror is 

from focus, the greater the sensitivity to slope errors will be.

5HÀHFWRPHWU\��$Q�DOZD\V�UHOLDEOH�EDQN�VKRW
5HÀHFWRPHWU\�LV�RQH�RI�WKH�PRVW�ÀH[LEOH�DQG�IUHTXHQWO\�XVHG�WRROV�

in the short-wavelength metrology toolkit. Having a reliable and ac-

FXUDWH�PHDVXUHPHQW�V\VWHP�IRU�UHÀHFWHG�DQG�WUDQVPLWWHG�OLJKW�RI�FDOL-
brated wavelengths sets the stage for fundamental studies of the optical 

SURSHUWLHV�RI�EXON�DQG�WKLQ�¿OP�PDWHULDOV��FRPSRXQGV��FRDWLQJV��PXOWL-
layers, and other structured matter used in X-ray optics.

The successful design and engineering of simple to complex opti-

cal elements and systems relies foremost on a basic knowledge of the 

PDWHULDOV¶� SURSHUWLHV�� 5HÀHFWRPHWU\� LV� XVHG� RQ� ERWK� VXUURJDWHV� DQG�
FRPSOHWHG�SDUWV� WR� WHVW� WKH�HI¿FLHQF\�RI�FRDWLQJV�� WR�TXDQWLI\�VFDWWHU-
ing magnitudes, and as feedback to support the development of coating 

recipes for specialized components.

7KH�$/6�5HÀHFWRPHWHU�IRU�&DOLEUDWLRQV�DQG�6FDWWHULQJ��RQ�EHDP-

OLQH� ������� KDV� EHHQ� LQ� RSHUDWLRQ� VLQFH� ������ VHUYLQJ� WR� LPSURYH� WKH�
quality of countless beamlines and optical systems operating in the 

ZDYHOHQJWK�UDQJH�RI���WR����QP����±�����H9��

Figure 9: A sequence of three, two-dimensional shearing interferograms recorded with cross-grating pitches of (A) 4 µm, (B) 5 µm, (C) 6 µm, in the first 
Talbot plane of each. The inset details are extracted from the centers of each interferogram.
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One of the most promising avenues for improved resolution at exist-

LQJ�DQG�IXWXUH�EHDPOLQHV�FRPHV�IURP�PDMRU�DGYDQFHV�LQ�WKH�OLQH�GHQVLW\�
RI�VSHFWURPHWHU�RU�PRQRFKURPDWRU�JUDWLQJV��)RU�H[DPSOH��WKH�UHÀHFWRP-

HWHU�KDV�EHHQ�XVHG�WR�YHULI\�����¿UVW�RUGHU�HI¿FLHQF\�IURP��������OLQH�
mm, multilayer-coated gratings fabricated on anisotropically etched Si 

substrates [23], providing feedback for grating nanofabrication.

'HPDQG�IURP�WKH�(89�SKRWROLWKRJUDSK\�FRPPXQLW\��LQ�WKH�VHPL-
FRQGXFWRU�FKLS�PDNLQJ�LQGXVWU\�� LV�SXVKLQJ�UHÀHFWRPHWU\�WRROV�WR�DF-
commodate optics with ever-larger diameters. Certain aspherical mir-

URUV�LQ�FRPSRXQG�HOHPHQW�(89�LPDJLQJ�OHQVHV�H[FHHG�WKH�ZLGWK�RI�D�
serving platter, with thicknesses of many inches and masses of tens of 

kilograms. These marvels of optical fabrication now meet diffraction-

OLPLWHG�VSHFL¿FDWLRQV�IRU�WKHLU�GHVLJQ�ZDYHOHQJWK��QHDU������QP��7KH\�
KDYH�VXUIDFH�¿JXUH�TXDOLW\� OHYHOV�EHORZ�����QP��UPV���DQG�PLG��DQG�
high-spatial frequency roughness to match. 

5HFHQW�XSJUDGHV�WR�WKH�$/6�5HÀHFWRPHWHU�HQDEOH�LW�WR�QRZ�DFFHSW�
RSWLFV� XS� WR� ����PP�DQG���� NJ��7KH� VWDJHV� DQG� FRQWUROV� HQDEOH� WKH�
GHWHFWRUV�WR�IROORZ�WKH�UHÀHFWHG�EHDP�SDWK�DFURVV�WKH�FXUYHG�VXUIDFHV��
DQG�PHDVXUH�WKH�UHÀHFWLYLW\�WR�ZLWKLQ������

6LQFH� WKH�SRZHU� ORVW� WR� VFDWWHULQJ� LV� W\SLFDOO\�SURSRUWLRQDO� WR�Ȝ–4, 

short wavelength optics have much WLJKWHU�VXUIDFH�URXJKQHVV�VSHFL¿FD-
tions than their visible-light counterparts. Complicating advancement is 

the fact that as the fabrication of smooth optical surfaces has improved, 

optical characterization tools are reaching their practical limits for 

roughness detection. Short-wavelength scattering measurements from 

WKH�UHÀHFWRPHWHU�DUH�QRZ�XVHG�WR�EHQFKPDUN�RSWLFDO�WRROV��H[WHQGLQJ�
their useful capabilities, and allowing manufacturers to have greater 

predictive power in the optics shop.

Nanofabrication: Making the point for  
diffractive optical structures in metrology

)URP�WKH�¿UVW�GD\V�RI�RSHUDWLRQ�DW�WKH�$/6��LQ�WKH�PLG�����V��QDQR-

fabricated optical elements, including diffraction gratings, pinholes, 

DQG�VSHFLDOL]HG�VWUXFWXUHV��KDYH�VHUYHG�DV�FDOLEUDWHG�UHIHUHQFH�REMHFWV�
in beam-focusing metrology.

The use of electron-beam lithography in the fabrication of Fresnel 

zoneplate lenses is a well-known example of where progress in the cre-

DWLRQ�RI�¿QH��IUHH�IRUP�VWUXFWXUHV�DSSURDFKLQJ����QP�OLQHZLGWKV�KDV�OHG�
WR�SURJUHVV�LQ�QDQRVFDOH�LPDJLQJ�PLFURVFRS\�>��@��)UHVQHO�]RQHSODWHV�
are holographic lenses that operate by diffraction rather than refraction 

RU�UHÀHFWLRQ��PDNLQJ�WKHP�VXLWDEOH�IRU�VKRUW�ZDYHOHQJWKV�ZKHUH�KLJK�
quality lenses are otherwise unavailable or prohibitively expensive.

Less well-known, perhaps, is the application of the same fabrica-

tion techniques to make calibrated structures for interferometry, pin-

KROH� VSDWLDO� ¿OWHUV�� NQLIH� HGJHV�� DQG� RWKHU� UHIHUHQFH� SDWWHUQV� WKDW� DLG�
metrology. Relatively opaque materials such as gold and nickel support 

UREXVW��ELQDU\�SDWWHUQV��ZLWK�(89�DQG�VRIW�;�UD\�ZDYHOHQJWK�VFDOH�IHD-
ture sizes and high-aspect ratios (i.e., thick with narrow grooves) when 

required. The Nanowriter electron-beam lithography tool at LBNL’s 

Center for X-ray Optics has specialized control hardware for generat-

LQJ�FXUYHG�VKDSHV�DW�KLJK�UHVROXWLRQV�>��@��7KHVH�RSWLFV�FDQ�EH�FUHDWHG�

on thin membranes, such as silicon-nitride, or as free-standing, stencil-

W\SH�SDWWHUQV�IRU�KLJKHU�HI¿FLHQF\�
5HFHQW� H[DPSOHV� RI� VWUXFWXUHV� FUHDWHG� VSHFL¿FDOO\� IRU� PHWURORJ\�

LQFOXGH�� �D�� D� FRPSRXQG� IRFDO�SODQH�PHWURORJ\� SDWWHUQ� XVHG� IRU�.%�
PLUURU� WHVWLQJ� >��@�� �E��SLQKROHV� IRU�JHQHUDWLQJ�VSKHULFDO�ZDYHIURQWV��
DQG��F��ELQDU\�SVHXGR�UDQGRP��%35��SDWWHUQV�>��@��GHVFULEHG�DERYH��
used to provide detailed characterizations of the resolution of optical 

and X-ray microscopes.

Conveniently, several metrology techniques for testing short-wave-

OHQJWK�IRFXVLQJ�RSWLFV�UHO\�RQ�VLPLODU�KDUGZDUH�FRQ¿JXUDWLRQV��,Q�WKH�
knife-edge test, the scanning-slit test, and grating-based shearing in-

WHUIHURPHWU\��D�QDQRIDEULFDWHG�RSWLFDO�HOHPHQW��VKRZQ�LQ�)LJXUH����LV�
placed in the vicinity of the focal plane, and the transmitted light is 

captured downstream either by a photodiode or a CCD camera. The test 

structures used in the KB mirror experiments described above are inte-

grated into a single, compound optical element on a 2 =�2 mm widow 

VLOLFRQ�QLWULGH�ZLQGRZ��$����P�DEVRUEHU�WKLFNQHVV�SURYLGHV�������DE-

sorption at 1-nm wavelength.

In this structure, two orthogonal knife-edges are available for x and 

y beam-width measurements. A pair of narrow x and y slits are for beam 

SUR¿OH� DQG� ORFDO�ZDYHIURQW� VORSH�PHDVXUHPHQWV��2FFXS\LQJ�PRVW� RI�
the space are 1D gratings for isolated-KB-mirror measurements and 2D 

FURVV�JUDWLQJV�IRU�IXOO�ZDYHIURQW�FKDUDFWHUL]DWLRQ��9DULRXV�JUDWLQJ�SLWFK�
values create a range of available shear magnitudes. Since the grating 

diffraction creates the split beams that interfere at the detector plane 

yielding the measurement, the grating line placement accuracy couples 

directly into the measured beam quality. 

3LQKROH�VSDWLDO�¿OWHUV�SOD\�DQ�LPSRUWDQW�UROH�LQ�WHVWLQJ�RSWLFDO�V\V-
WHPV�ZLWK�¿QLWH�FRQMXJDWH�SRVLWLRQV�� OLNH�D�.%�PLUURUV��3LQKROHV�� IRU�
spherical wavefronts, and slits for cylindrical wavefronts, are placed in 

WKH�XSVWUHDP�FRQMXJDWH�SRVLWLRQ�ZKHUH�WKH\�¿OWHU�WKH�DEHUUDWLRQV�IURP�
the beamline, and isolate the wavefront-error contributions imparted by 

imperfections and misalignments of the focusing optics. A beam dif-

IUDFWHG�IURP�D�VOLW�RU�SLQKROH�PXVW�EH�EURDG�HQRXJK�WR�¿OO�WKH�SXSLO�RI�
WKH� OHQV�XQGHU� WHVW��ZLWK� VRPH�RYHU¿OOLQJ�� LI� SRVVLEOH�� WR� LPSURYH� WKH�
quality of the wavefront across the relevant solid angle. Lithographically 

fabricated pinholes at or below 1-µm diameter in several-micron-thick 

absorber layers have shown excellent performance, blocking transmit-

WHG�OLJKW��¿OWHULQJ�WKH�DEHUUDWLRQV�RI�WKH�EHDPOLQH�XSVWUHDP�RI�WKH�RSWLFV�
under test, generating spatial coherence required for interferometric 

tests, and providing a stable point source for wavefront measurement. 

In ongoing work, the Nanowriter has also been used to fabricate 

structures for beamline spatial-coherence testing, using pinhole arrays 

to mimic many sets of Young-type double-slit experiments in parallel.

Conclusion
In its many forms, metrology data is the essential feedback that 

enables progress in short-wavelength nanoscience. The demands on 

metrology are continually increasing. We have reviewed the X-ray 

optics metrology network developed at the ALS, which includes a 

set of ex-situ metrological tools in the ALS X-ray Optics Laboratory, 
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an at-wavelength metrology test set up at the ALS BL 5.3.1, the ALS 

5HÀHFWRPHWHU� IRU�&DOLEUDWLRQV�DQG�6FDWWHULQJ�RQ�EHDPOLQH��������DQG�
the CXRO Nanowriter electron-beam lithography tool, working to-

gether with shared goals. These complementary metrology tools and 

the collective expertise that guides their use are essential for ensuring 

KLJK�SHUIRUPDQFH� DQG� FRQWLQXHG� VFLHQWL¿F� SURGXFWLYLW\� RI� WKH� $/6�
EHDPOLQHV��:KHUH�LPSURYHG�PHWURORJ\�WRROV�FDQ�EH�XVHG�RIÀLQH�RU�LQ-

FRUSRUDWHG�GLUHFWO\�LQWR�EHDPOLQHV��WKH�VFLHQWL¿F�SURJUDPV�ZLOO�EHQH¿W��
The ongoing dialog and rich collaborations that have developed among 

metrologists at laboratories worldwide seed the ground for another gen-

eration of progress.
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